Introduction frequently histidine, cysteine, aspartate, or glutamate residues (Vallee and Falchuk, 1993 
NR1-1a/NR2A receptors (see Experimental Procedures
NR1-1a/NR2A receptors. However, following sequential exposure to tricine and diethyl pyrocarbonate (DEPC) for the nomenclature of NR1 splice variants). As Paoletti et al. (1997) have shown previously, the heavy metal for 2 min (to chelate endogenous Zn 2ϩ and thus allow DEPC access to histidine residues that might be coordichelating agent, tricine (10 mM), potentiated NMDAevoked currents ( Figure 1A ). This result suggested that nating Zn 2ϩ ), followed by DEPC alone for 1 min, tricine potentiation and Zn 2ϩ inhibition were virtually abrogated trace amounts of a heavy metal (probably Zn 2ϩ ) contaminate standard recording solutions and tonically inhibit (tricine potentiation: 106% Ϯ 1%, post-DEPC treatment, versus 182% Ϯ 12%, pre-DEPC treatment; n ϭ 4) ( Figure  1A ). When 10 mM Zn 2ϩ was included during the incubation in 3 mM DEPC, the effect of DEPC was decreased compared with that observed in the absence of Zn 2ϩ (tricine potentiation: 175% Ϯ 10%, n ϭ 4) ( Figure 1A ). To demonstrate that high-affinity Zn 2ϩ inhibition was indeed abolished by the DEPC modification of histidine residues, we constructed Zn 2ϩ dose-response curves for NR1-1a/NR2A receptors before and after DEPC treatment ( Figures 1B and 1C) Figure 1D , bottom trace), indicating that only the NR2A subunit. In general, it has been observed for low-affinity, voltage-dependent Zn 2ϩ block remained Zn 2ϩ binding sites that the first amino acid ligand in the after DEPC exposure. primary protein sequence is nearly always separated Since DEPC is not completely specific for the imidazfrom the second ligand by one, two, or three amino acid ole group of histidine residues and may also react with residues (Vallee and Falchuk, 1993). Inspection of the amino groups, we performed a series of control experipredicted amino acid sequence of NMDA receptor subments with trinitrobenzenesulfonic acid (TNBS), which units revealed two pairs of histidines that are unique to interacts specifically with amino groups (Means and NR2A and separated by three or fewer residues: H42 Feeney, 1971; Holmgren et al., 1998). Unlike DEPC, treatand H44, and H332 and H335 (Figure 2 ). We thus mutated ment with TNBS (3 mM ϫ 3 min [pH 9.0]) did not block each of these histidine residues, singly and in pairs, high-affinity Zn 2ϩ inhibition ( Figure 1C ), although it did and expressed the NR2A mutant subunits with wild-type slow activation and deactivation kinetics somewhat.
NR1-1a in oocytes. Initially, to make the most conservaTaken together, the data suggest that the modification tive change, we mutated histidine to tyrosine. If the muof histidine residues with DEPC blocks the high-affinity, tation of a particular histidine residue affected the devoltage-independent component of Zn 2ϩ inhibition of gree of potentiation by tricine, then that histidine was NR1-1a/NR2A receptors, possibly by competing with subsequently mutated to the amino acid residue that Zn 2ϩ for the same (histidine) sites. occupied the homologous position in NR2B in order to To rule out the possibility that modifying histidine resiproduce a "knock-in" mutant. Potentiation of NMDAdues with DEPC produced extensive structural changes evoked currents by 10 mM tricine was used as a means affecting NMDA receptor properties, we constructed to screen for high-affinity Zn 2ϩ inhibition. The degree NMDA and glycine dose-response curves for NR1-1a/ NR2A receptors before and after DEPC treatment. The of tricine potentiation of NMDA-evoked currents in NR1-1a/NR2A(H332Y,H335Y) receptors (203% Ϯ 9%, and 4B). We again carried out the dose-response experiments in tricine-buffered solutions as described above. n ϭ 5) was indistinguishable from that of wild-type NR1-1a/NR2A receptors (200% Ϯ 10%, n ϭ 4). In conAt Ϫ40 mV, the Zn 2ϩ dose-response curve for NR1-1a/ NR2A receptors was well fit with a two binding site trast, there was no discernible potentiation by tricine of NR1-1a/NR2A(H42G,H44S) receptors (99% Ϯ 1%, n ϭ isotherm as shown in Figure 1B . In contrast, the Zn Figure 4D ). These data suggest that either (1) the conclude that the channel pore is little affected by these histidine mutations. three-dimensional structure of NR2B is not capable of producing high-affinity Zn 2ϩ coordination even with the appropriate histidine residues, or (2) the two histidine residues on NR2A are necessary but not sufficient for Mechanism of High-Affinity, Voltage-Independent Zn 2؉ Inhibition of NR1-1a/NR2A Receptors: high-affinity Zn 2ϩ inhibition; therefore, placing these histidine residues in NR2B does not reproduce the high-
Enhancement of Proton Inhibition?
Recently, it was suggested that Zn 2ϩ and proton inhibiaffinity Zn 2ϩ effect. tion of NMDA receptors may share common structural determinants based on the observation that mutations Effect of Histidine Mutations on Other NMDA Receptor Properties in amino acid residues on NR1-1a that change proton inhibition also decreased the IC 50 for voltage-indepenTo determine whether the mutation of histidine residues produced extensive structural changes affecting NMDA dent Zn 2ϩ inhibition by 3-to 10-fold (Traynelis et al., affinity Zn 2ϩ inhibition as well. Interestingly, the shape First, tricine itself has no intrinsic effect on proton inhibiof the proton inhibition curves at different Zn 2ϩ concention, but it shifts the IC 50 for proton inhibition of NR1-1a/ trations ( Figures 6B and 6C ) predicts that the magnitude NR2A receptors by removing endogenous Zn 2ϩ from the of inhibition by a fixed amount of Zn 2ϩ should be less solutions. Second, the two histidine residues themat a higher pH. This prediction is counterintuitive, beselves (H42 and H44 of NR2A) have little direct effect on cause at higher pH, there is increased ionization of the proton inhibition of NMDAR responses. Third, a subunitimidazole group on a histidine residue and thus facilitaspecific difference for proton inhibition exists between tion of Zn 2ϩ coordination; hence, voltage-independent NR1-1a/NR2A and NR1-1a/NR2B receptors, but it was Zn 2ϩ inhibition should be greater. However, when inhibinot apparent because of the tonic inhibition of NR1-1a/ tion by 1 M Zn 2ϩ was tested at various pH values (6.5 NR2A receptor responses by endogenous Zn 2ϩ that conto 8.5), the percentage of inhibition was the smallest taminates recording solutions in the absence of chelaat the highest pH for both NR1-1a/NR2A and NR1-1a/ tion with tricine. Additionally, we found that treatment NR2B receptors (Figures 6E and 6F) . These results sugwith DEPC shifted the IC 50 for proton inhibition further gest that a possible mechanism of voltage-independent to the right, indicating that there are additional DEPCZn 2ϩ inhibition of NMDAR responses is enhancement of modifiable histidines (other than NR2A[H42,H44] ) or other amino acid residues that may comprise the proton proton inhibition. tective event would be enhanced in the presence of Second, introducing histidine residues at the homoloZn 2ϩ (Kaku et al., 1993; Koh et al., 1996) . gous positions in NR2B failed to produce high-affinity
The relationship of high-affinity, voltage-independent Zn 2ϩ inhibition of NR1-1a/NR2B receptor responses. Zn 2ϩ inhibition and proton inhibition exemplifies an Thus, additional ligands may be required to create the emerging theme of the "convergence" of modulatory high-affinity Zn 2ϩ binding site, and the site may require sites on the NMDA receptor. For example, the glycineprecise three-dimensional positioning of the two histiindependent form of the spermine potentiation of NMDARs dine residues relative to the other ligands. Of note, mulacking exon 5 in NR1 (i.e., NR1-1a) was reported to be tating H42 and H44, which are unique to NR2A, lowered due to relief from tonic proton inhibition (Traynelis et the affinity for voltage-independent Zn 2ϩ inhibition of al., 1995). Mutation of NR1-1a Cys-744 and Cys-798 NR1-1a/NR2A receptor responses to a level very close abolished not only dithiothreitol potentiation but also to that of wild-type NR1-1a/NR2B receptors (IC 50 ϭ 2.8 glycine-independent spermine potentiation and shifted M). Additional histidine or other amino acid residues the sensitivity of NR1-1a/NR2B receptors to protons that are conserved between NR2A and NR2B may well (Sullivan et al., 1994). Most recently, tyrosine kinase Srcbe responsible for the remaining low-affinity, voltageinduced potentiation was shown to be due to relief of independent inhibition of NR1-1a/NR2B and mutated Zn 2ϩ inhibition (Zheng et al., 1998). Here, we provide NR1-1a/NR2A (H42G,H44S) receptors. Alternatively, the a mechanistic link between proton inhibition and the unknown Zn 2ϩ ligand responsible for low-affinity, voltvoltage-independent effects of Zn 2ϩ on the NMDA reage-independent inhibition may reside on the NR1 subceptor. Considerable advances have been made in idenunit (Hollmann et al., 1993) .
tifying structural determinants of these modulators usThe results of the present study suggest that highaffinity, voltage-independent Zn 2ϩ inhibition of NMDAR ing site-directed mutagenesis. However, recent studies
